We present results of a study of the effect of target polarization on electron-ion recombination, and show that coherent radiation by the target electrons gives a large contribution to the recombination rate. It significantly modifies the nonresonant photorecombination background. A procedure has been devised whereby this contribution can be evaluated together with the conventional radiative recombination, independently of the dielectronic recombination component. Numerical results are presented for Zn 2 , Cd 2 , Sn 4 , and Xe 8 , showing up to an order-of-magnitude enhancement.
Electron-ion photorecombination is usually analyzed in terms of two mechanisms, i.e., radiative recombination (RR) and dielectronic recombination (DR). The RR contribution has a smooth energy dependence and is maximal at low electron energies. DR has a characteristic resonant character, with peaks at the energies of doubly excited states of the compound ion [1] . In this Letter we show that the effect of coherent radiation of the target electron cloud polarized by the incident electron, can strongly modify the nonresonant background.
Theoretically, a complete description of the recombination process must account for all contributions (see, e.g., [2 -4] ). In practice one can only include a finite number of target and compound ion states, electron orbitals, and configurations. In simple systems such sets can be made practically complete. For many ions accurate recombination cross sections and rates are obtained by adding the RR and DR contributions, the latter in the independent resonance approximation (see, e.g., [5, 6] ). There are other cases where interference between DR resonances and RR background has been predicted [7] [8] [9] and observed [10, 11] .
Providing an accurate description for more complex systems with many-electron (and possibly, open) valence shells is a difficult task. Thus, state-of-the-art theoretical methods have so far failed to describe the recombination rates for Ar-like Sc 2 [10] . The problem here lies in the strong configuration interaction between many doubly excited states in the presence of an open 3p shell. In even more complex systems, like U 28 or Au 25 , the recombination rates exceed the RR rates by 2 orders of magnitude [12, 13] . This is caused by extremely strong configuration mixing which involves multiply excited states. It drives the system towards the regime of many-body quantum chaos where one can use statistical methods [14 -16] akin to those applied to transition arrays [17] .
In this work we focus on a different recombination mechanism, i.e., polarization recombination (PR), in which the photon is emitted by the target ion polarized by the incident electron [18] [19] [20] . It is known that radiation due to target polarization is an important component of the photon spectra in electron and proton bremsstrahlung on many-electron atoms and in collisional radiative processes involving clusters and fullerenes (see [21, 22] and references therein). Its effect is especially prominent in the frequency ranges of giant dipole resonances which characterize many such targets. Experimental evidence for such structures in the x-ray spectra in electron collisions is reviewed in Ref. [23] . In what follows we will explain that the contribution of PR is distinct from both RR and DR. We will also show that target excitations in the continuum, which are often neglected in DR calculations, can play a prominent role in PR, increasing the RR-like background by up to an order of magnitude.
The amplitudes of RR and DR are shown schematically in Fig. 1 by diagrams (a) and (b). In RR, the incident electron with energy " is captured into a discrete final state f, emitting a photon of energy ! " ÿ " f . In DR, the electron is captured into a doubly excited resonant state at " " a " b ÿ " n , which stabilizes by photoemission. Of course, the photon can also be emitted by the other electron, b, and exchange diagrams should be added. Also, to obtain correct DR resonance energies and widths, configu- ration mixing between doubly excited states must be taken into account. The PR diagram Fig. 1 (c) describes a process where the photon is emitted by the target ion polarized by the incident electron. Its amplitude contains a sum over the holes n and excited electron states , including the continuum. Its final state is identical to that of RR diagram (a), hence the two amplitudes interfere. The contribution of discrete excited states to the sum over in diagram (c) accounts for a part of DR and its interference with RR. As described below, the former can be subtracted out, while preserving the contribution of the excited state continuum and interference effects.
At first glance it may appear that (c) is only a small correction to (a), since the acceleration of the target electrons due to the incident electron is much smaller than that of the incident electron in the field of the ion. However, in (c) the contributions of all electrons in the valence or inner shell are added coherently in the amplitude. The contribution of a particular target orbital nl to the PR amplitude is thus proportional to the number of electrons, N nl , in this orbital.
For a qualitative estimate of PR, consider the sum of amplitudes (a) and (c),
where ! n " ÿ " n , and r is the dipole operator (atomic units are used). Note that a 2nd PR contribution obtained from (c) by switching the order of the Coulomb and photon interactions, has been added [20, 24] . For incident electron energies smaller than the target ionization potential, and high-lying (Rydberg) final states f, amplitude (1) can be estimated as [19, 20] 
where d ! is the target dynamic dipole polarizability and Z i is the (effective) charge of the ion. As shown in Ref. [20] , Eq. (2) can lead to substantial errors when used outside its limits. However, it is still useful for a qualitative physical analysis, since it shows how PR modifies the basic RR amplitude. Depending on the value of the factor in brackets in Eq. (2), PR can either increase or reduce the recombination rate. In particular, if the target photoabsorption cross section, ph ! 4!=c Im d !, possesses a giant resonance at some energy, the recombination transitions near this energy can be strongly enhanced.
As shown in Ref. [20] , the applicability of Eq. (2) to electron recombination is limited to low incident electron energies and high Rydberg final states. Hence, the estimates presented in Ref. [19] , grossly exagerrated the effect. Realistic numerical calculations based on Eq. (1) demonstrated that for Ne-like and Ni-like ions with charges between 8 and 44, PR increases the recombination rates by 5%-30% in nonresonant energy intervals [20] , due to constructive interference of PR and RR. In this Letter we consider a number of ions in which the manifestation of PR is even stronger. We suggest how to separate this effect from the standard DR contribution, and show how PR modifies thermal RR recombination rates over a broad range of temperatures.
The cross section for photorecombination into the final electron state f is proportional to the squared modulus of amplitude (1). The latter was calculated by expanding the wave function of the incident electron in partial waves (see Ref. [20] for details). The electron radial wave functions were computed in the Hartree-Fock field of the target ion. Excited electron states (both discrete and continuous) take into account the field of the hole n, and the two are coupled into the 1 P term (dipole excitations). Excitations from all orbitals with principal quantum numbers greater than one were included. The sets of final states include all principal quantum numbers up to ten. Contributions of higher Rydberg states, which are important at low projectile energies, were added to the recombination rates by using the Kramers formula. Figure 2 compares the cross section calculated in this manner for Zn 2 3d 10 using the total amplitude (1), with the RR cross section for which only the first term in Eq. (1) is retained. As explained above, the PR amplitude contains some contribution of the DR resonances, which is clearly visible in the figure. However, the effect that we want to focus on is the dramatic change of the background. For example, in the energy range between 40 and 75 eV, which contains no DR resonances, the inclusion of the PR amplitude has doubled the cross section.
We have also performed a calculation in which only discrete excited states are included in the PR sums in Eq. (1). The resulting cross section (thin curve in Fig. 2 ) still shows resonant DR peaks, but the background is now simply given by the RR cross section. This means that most of the strength of the PR amplitude comes from the target excitations into the continuum. We have checked that the 
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week ending 1 DECEMBER 2006 large role of the target continuum can also be seen in the 3d photoionization cross section. It forms a broad maximum with ph 8 Mb at ! 70 eV, due to the 3d ! "f transition.
The results for Zn 2 in Fig. 2 demonstrate that a calculation performed by adding the DR resonances to the RR background, would considerably underestimate the cross section. The main effect of PR is the change of the nonresonant background. We thus want to devise a method that would account for this effect without including the resonant DR part contained in the PR. (The DR resonances can be added afterwards in the usual way.)
To implement this idea, we performed calculations using the full RR PR amplitude (1), but omitting the squared moduli of all discrete excitation terms from the cross section. Such calculation preserves all interference and continuum contributions. For convenience, we also introduced a small width ÿ (e.g., ÿ 1 eV) in the resonant denominators. After this, the interference profiles due to discrete target excitations, whose energy dependence is given by ! ÿ ! n =! ÿ ! n 2 ÿ 2 =4, become finite. For small ÿ this procedure does not affect the integral contribution of the interference terms.
The RR PR cross section for Zn 2 with the resonances taken out, is shown in Fig. 3 by the thick solid curve. Because of the interference, the inclusion of PR does not always increase the cross sections [25] . Qualitatively, this can be understood from Eq. (2). For ! below the characteristic dipole excitation energy of a subshell, ! nl , its contribution to d ! is positive. Hence, PR may suppress the recombination amplitude at energies below the DR range of the corresponding subshell (e.g., at " < 20 eV for the 3d orbital in Zn 2 ). For ! > ! nl the contribution of the subshell to the real part of d ! is negative ( ÿN nl =! 2 at large !), leading to enhanced recombination. The imaginary part of d ! always increases recombination. So, a strong maximum in the target photoabsorption cross section results in a similar structure in the RR PR cross section.
Let us now turn to Pd-like ions with 4d 10 outer subshell. It is well known that photoabsorption by the 4d 10 subshell in atoms and low-charged ions between Pd and Ba is dominated by the 4d ! "f giant resonance (see, e.g., [26] and references therein). For example, we have estimated that in Cd 2 the 4d photoabsorption peaks with ph 23 Mb at ! 60 eV (cf. neutral Cd [27] ). This giant resonance leads to very strong effects in photorecombination. As seen in Fig. 3 , in Cd 2 and Sn 4 PR increases the cross section above the RR background by an order of magnitude for ! 70-100 eV. As the nuclear charge increases, the 4f orbital ''collapses'', and the bulk of the dipole strength of the 4d subshell is shifted from the giant resonance in the continuum to the 4d ! nf discrete spectrum (see, e.g., [28] ). This transition is clear in Fig. 3 , when comparing Cd 2 , Sn 4 , and Xe 8 . Simultaneously, the interference between the discrete excitations and the background becomes very large.
For the ions studied in this Letter the PR effects are much larger than for the less polarizable targets examined earlier [20] . Figure 4 shows that they remain important upon thermal averaging, and may thus have a bearing on astrophysical and fusion plasmas, and development of new VUV lithography systems [29] .
In summary, we have demonstrated that radiation due to dynamical polarization of the target ion by the incident electron can have a strong influence on the photorecombination cross sections and rates. This effect is strongly enhanced for targets whose photoabsorption cross sections possess giant resonances in the continuum. As such, this important effect may not be accounted for by standard RR DR calculations.
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